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ABSTRACT

R S i v

A new method for absolute calibration of electroacoustic trans-

ducers is described which permits low frequency reciprocity calibration
in a test apparatus of small dimensions. The method takes advantage of d
the reduced wave speed in a cylindrical water column bounded by a ,
compliant PVC tube to reduce the length of the standing wave to
dimensions which can be easily handled in the laboratory.

- Results of a limited series of experiments show a mean reproduci-
bility of 0.8 decibels in a one-meter long tube at frequencies between
750 and 1100 Hz and sound speeds from 330 to 365 meters/second. The 1
hydrophone voltage sensitivities obtained by the method, however,
systematically differ by 1.5 decibels from those measured by comparison

with a standard hydrophone; additional research will be required to

resolve this discrepancy.
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. WHY COMPLIANT TUBE RECIPROCITY WORKS

, A. ACOUSTIC CALIBRATION AND RECIPROCITY !

There are two Qeneral classes of underwater acoustic transducer
calibration: absolute, or primary, calibration, and comparison, or
.'.-:; secondary, calibration. The latter presumes the availability of a sound

field of known amplitude measured by a calibrated transducer, but
absolute calibration can be performed using only voltage measurements
and primary measurements of the test system environment in a sound

o field of unknown amplitude. Once the voltage sensitivity of a standard

o hydrophone has been established in a particular frequency range and
environment by absolute calibration, it may be used as a reference for
comparison calibration of other hydrophones and of projectors; this

absolute calibration is most often done by the reciprocity method.

1. Fundamentals of Reciprocity Calibration ' A .

The reciprocity method for absolute calibration is based on the ,

properties of linear, passive systems whose action can be described by :

: the two-port equation (1.1), which relates the acoustic 'pr'essure and
velocity (p,u) at a transducer's mechanical terminal and the voltage and

current (E,l) at its electrical terminals by a symmetric or antisymmetric

matrix of constant coefficients; such a system is called reciprocal.

0)-( 2 10

Hunt [Ref. 1] derives this equation from first principles and shows how

" the matrix elements may be evaluated for common transducers. Foldy &
:'_::‘ and Primakoff show [Ref. 2] that the short circuit transmitting current |
response S and the open circuit hydrophone voltage response M of a d

> reciprocal transducer T are related by a constant factor

. s .\.-.\;.; > -
e -“w-.-»‘.x;-"x iy, S '.'.\ ~
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where J is called the reciprocity parameter and is characteristic of the
test medium and its boundaries. Bobber has demonstrated [Ref. 3]
that J is equivalent to the acoustic transfer admittance between an
arbitrarily defined transmitting surface T generating a volume velocity
U and an arbitrarily defined receiving surface H within the test envi-
ronment exposed to an average pressure P, and exists as a function of
the test medium and its boundaries for any arbitrary linear, passive,
and reversible medium.

- When two test transducers! are located at points in the
medium where the pressure amplitudes are equal, the reciprocity param-
eter allows expression of the signal voltage of a test hydrophone H
placed at one point as a function of tHe transmitter current response of
a reversible transducer T placed at the other point and driven to

create the sound field;

Ern = MuPu = MuStlr ' (1.3)

where | is the drive current input to T. |If the sound field generated
by T is then replaced by a field which is identical at the locations of T
and H, but is generated by an separate projector P, the outputs of T
and H in this new field will be related by equation (1.4). Combining
this equation with (1.3) produces the calibration equation (1.3), which
allows the computation of the test hydrophone's voltage sensitivity H
directly from voltage measurements made in the three source-to-receiver

configurations: T-to-H, P-to-H, and P-to-T.

'To avoid confusion, the term test transducers will always be used
when referring to both transducers used in the reciprocity, calibration.
The term reversible transducer, or the ANSI designator "T", will be
used to refer to the reciprocal transducer used both as a hydrophone
and as a projector during the calibration; test hydrophone, or "H" will
designate the transducer used only as a hydrophone; and projector, or

will identify a third sound source used to create the sound field
used in the test.

10
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2. Reciprocity Test Geometries

' Most reciprocity calibrations are made in one of the two
'.::‘_ earliest system geometries for which the reciprocity parameter was
computed: free field [Ref. 4], or close-coupled [Ref. 5]. The tech-
niques for carrying out these tests, and the limitations required to
f_:.':' ensure the validity of the test are described by the ANSI| standard for

underwater calibration [Ref. 6]. The free field test geometry requires

e g s

a volume of water large enough to permit spherical spreading of the
< acoustic waves undisturbed by boundary reflections. This implies tanks
- of dimensions greater than ten wavelengths (about 15 meters at 1 kilo-
hertz) for underwater testing. Coupler reciprocity is limited by the :
requirement to encase the entire active surface of two test transducers l
in a rigid-walled cell of dimensions less than 1/10 of a wavelength; :

useful underwater low frequency transducers limited to such dimensions 1

L can be difficult to buiid.

o The practice of reciprocity calibration is not, however,

. constrained to the two conventional geometries. Rudnick [Ref. 7]
.'::j discusses three compact geometries with Kknown reciprocity factors; ';
o Bobber's reference text on measurements [Ref. 8] describes several '
h;:."f more. These unusual test environments extend the practice of reci-

,.. procity calibration beyond the limits of of the two conventional geome-

b tries. A summary of these methods is included in Table |; each of the
g reciprocity parameters listed is the quotient of an area characteristic of .

the system geometry, and of the specific acoustic impedance of the

-' medium. E
:_: The compliant tube test system described in this paper adds .i
:,}._ another option to the array already available to the experimenter. It

:',": has particular value to the . underwater acoustician because it “

.._‘:. 11
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TABLE | =

Some Reciprocity Calibration Systems }

»
Geometry Reciprocity Parameter Reference %
Q
.
Free field 2d) 4 : <
Poc r
%
Close—coupled Z-TLA—EI 5 r
. PgC ;
Plane-wave 2A 8 &
Poc N
Cylindrical=wave 2Lv/dA 8 W
Poc :Q
-
Helmhoitz resonator A 7 ]
Pec Q %
Waveguide, TALS 7 ]
resonant plane wave Poc Q i
©i]
. ¢'
significantly lowers the frequency limit for underwater reciprocity cali- 1
bration below the practical limits of the conventionali geometries. ;g
Unlike rigid-tube methods, it can be accomplished within a convenient, 5;
inexpensive test cell, and although still limited by the requirement for "
accurate measurement of the system quality factor, does escape resonant ‘
reciprocity calibration's ‘usual restriction to discrete frequencies. The i
"virtual rigid walls”" created by the standing wave pressure antinodes, "
and in which the transducers are placed for the test, can be adjusted §
to any resonant length and frequency by simply raising or lowering the .
water level. R
Our development of the compliant tube reciprocity parameter ::‘
must begin from an understanding of wave motion in the water column, "
¥

o
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:;: and of the oscillatory expansion of the tube's circumference. From :
-"' these equations, we will develop the energy balance of the oscillating :
- ) system; this in turn will provide the resuit for the reciprocity -
o parameter. )
\‘1
“: .
. B. COMPLIANT TUBE WAVE EQUATION g
T
1. Waves in the Water g
Ej:] Lighthill's development [Ref. 9] of the wave equation for a '
'.“ lossless fluid moving coaxially in a lossless tube of varying cross y
. section includes the case of the compliant elastic tube in which our 1
N i
?_- experiment is performed. The momentum and mass conservation equa- ]
'.jf-’_ tions for an inviscid, ideal fluid are :
i
A
b B
= (3“+ ua—“) =% (1.6) 4
at  az dz A
'.-, 'q
- a( ' 1.7 3
, —&2 2 (pou) =0 - (1.1 d
% 3
where p is the acoustic excess pressure, u the acoustic coaxial particle t
' velocity, and a the local time-varying cross-sectional area of the tube, t
= which varies slightly about its equilibrium value A. When fluid entropy
N is constant, both the local density p and the local cross section a may
._"-j be expressed as functions of the acoustic pressure. (The latter relation :
‘::: is just the inverse of the function which relates pressure to cross o
2 section variations.) Discarding terms of second order and higher ;
v reduces these equations to 4
T A
5 du_ 9 3
- po—= -2 (1.8)
: %9t~ 8z
’1 f
24 a_PQ).. - (1.9) :
‘1 P aZ . [
! ¥
i ki
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Taking the spatial derivative of (1.8) and the time derivative of (1.9),
combining the results with the linearized equation of state p = (p -p,)c?
and discarding terms above first order gives a wave equation

2 2
a_g=c-za P

o= o 110

2T - e . o

where the wave speed c is defined by

o L_a(ga)> - (1_6_33] 1_.6_0]) (K o) (1.11) "
¢ = po(poAap Po 000p °+ A-apo = po + ‘

(The subscript "0" above implies evaluation of the derivative at the

undeformed wall position and under adiabatic conditions.) The first

sy, o

term of equation (1.11) is the adiabatic compressibility or reciprocal

bulk modulus K; if there were no dependence on cross section, this

ol

would reduce to the equation for the sound speed in the bulk medium.

v v

If the. second term, called the distensibility D, is much larger than the

».,

adiabatic compressibility, the speed of sound waves in the tube will be
determined by the characteristics of the wall rather than by those of
the bulk fluid, and will be much slower. This in turn will reduce the h
size of the resonant tube required to operate at a given frequency.

The harmonic solution of equation (1.10) with a pressure
release boundary at z=0 and a rigid boundary at z=L, and for frequen-

cies below the cutoffs for azimuthal and radial modes, is

Y v 2 vooxameemn

p(z,t) = P sin(kz)sin(wt) (1.12)

»
with a corresponding velocity field : o
n

14 i
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p
1) =— k t
u(z,t) - c?OS( z) cos(wt) (1.13)

;
{
N

The wave number k is limited by the boundary conditions to the

L A | o

discrete values

k= 2m_omnrY2 o | ;

N L (1.14) ]

This sound field has associated with it both kinetic and potential energy X
density. The kinetic energy of axial water motion in a thin radial cross

section of length dz is
I b
dE, = 2 Z (1.15) .

The potential energy in the same section is found by considering the

work done by the fluid as the tube boundaries expand: ‘
3
¢ ¢ '
1d 14 {
dEP=—f pdV=—f pgAdz—g] -Adz—a—p] %dp (1.16) R,
o O A dp ° . po p ) ¢
2 (1.17)
= (K - D)2 Adz

2 t
i
where ¢ is a coordinate of the periodic motion. :
i}
2. Motion of the Wall K
The distensibility can be calculated from the material proper- “
ties of the tube wall and its geometry. In the case of a cylindrical tube .

which responds elastically to small excess stresses, the circumferential
i
tensioning force component due to the pressure on a thin radial cross 3
section of length dz is R
3
i
?
15 2
B
e e b e e b e




g
[
::: n/2
= F 2Rdzfpcose P (1.18)
“..: . -n/2
T 6a F- 2R -
8 E=°A 2nvdz b )
- This tensioning force causes a strain ¢ defined by equation (1.19).
), »

Where p is small and a varies only slightly from its undisturbed value
:_'__: A, the distensibility is then '
9
o3 |
bl 1d R

D= _c_'] - 2R (1.20)

~ . A dp o hY
-
e This stretching of the wall along its circumference has the characteris-
3 tics of a damped, stiffness-controlled driven oscillator (neglecting long-
itudinal effects). The ratio of the driving pressure at any cross
.-f section and the circumferential strain velocity is the mechanical impe-

dance of the cross-sectional ring treated as a damped oscillator of

negligible mass with elastic constant Y and damping coefficient R(m)
[Ref. 10:pp.10-12]
<
\~
- 2P sin(kz)sin(wt—=0)

&= n(z)sin (1.21)
wW

v ~ -Y
. W= \/Ri +(Y/w)* 0= arctcn(—R) (1.22)
" The polyvinyl chloride (PVC) tube used in this experiment is actually
N not elastic over any finite range of distortion, so the parameter Y is
:‘ not Young's modulus; it is only a linear approximation to the plastic
; deformation that the PVC undergoes in harmonic motion. Within this
f’ linearization, the potential energy stored in a thin radial section of the
: wall as the tube is expanded by a small amount from its initial cross
o section can be found from the force-displacement integral
o
v
L 16
e

R R

-
.
%
*
q
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dEw=f F-’z'—R de =op’] Adz (1.23)
0

¢

with the force given by equation (1.18).

C. COMPLIANT TUBE RECIPROCITY PARAMETER

The arguments used by Garrett, et al., [Ref. 11] to derive the
reciprocity parameter J for a rigid tube will also yield an expression for
the reciprocity parameter of the free surface, compliant wall tube. As
with the rigid tube, the solution depends on relating' the energy
coritent of the system E and the energy loss per cycle AE to the
acoustic transfer admittance (reciprocity parameter) described by equa-
tion (1.2). When the ratio of energy content to energy loss rate is
known in terms of J and of primary measurements, the resonance
quality factor equation (1.24) (which can also be found from primary

measurements) can be used to evaluate J.

Q=—" 3 (1.24)

1. System Energy Content and Losses

The compliant tube system stores energy both in the water
column and in the tube wall. Kinetic energy of motion of the water
pressurizes the water locally, which in turn stresses and expands the
tube diameter. The energy balance exchanges between the three
degrees of freedom are governed by the work equations for pressuriza-
tion (equation (1.17)) and for expansion (equation (1.23)), and by the
kinetic energy equation (1.15). Summing these equations gives the

total energy in a thin cross section

17
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u? 2 2
dE = dE, + dE, + dE. =Adz%8;—+(K-D);L+Dp % (1.25)

: 2 : 52 (1.26)
_ o . p? - o’ . _p? i
= Adz%—ﬂ—z +2(K + D)% Adz% > 2p°c2

where equation (1.11) has been used to replace K and D with p, c?.
The sound field in the absence of attenuation is described by equations
(1.12) and (1.13); substitution gives a form which can be integrated

over the length of the water column

L 2
E= g&’ <——P—5 cos?(kz)cos*(wt) +—E— 2 sin*(kz) sin’(w’r)% dz (1.27)
2 PoC ZPoc :

ALP? (1.28)

This is identical to the result for a rigid resonant tube [Ref. 11].

In the steady state, the cyclic energy loss equals the work
done by the driving transducer. If this transducer is located at a
pressure antinode, pressure and velocity must be in phase at the
transducer face ( since the impedance to flow at a velocity node is infi-
nite). The energy transferred to the system is the work dorne, which

can be written as
%%.-_ggp Uefids =P Usin*(ot) (1.29)

where U is the volume velocity amplitude of the transducer surface.

Integrating over one cycle gives

PU (1.30)
2f

AE
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:
N
:'{ 2. Reciprocity Parameter
N Our calculations above have yielded both the system energy '
:; content and the system energy loss (actually, its throughput at steady ;
:Z: state). The energy equation for Q (1.24) immediately produces ;
g Q- E _PALf
_ o AE- U 2pact (1.31)
: The ratio of volume velocity émplitude to pressure amplitude that
appears in this result is the acoustic transfer admittance between pres-
:tfz sure maxima (equation (1.2)), and must also be the reciprocity param-
:"_.:j eter for hydrophones positioned at separate maxima when the column is
o driven at resonance. Equation (1.32) follows; again, it is the same as
-, the reciprocity parameter for the rigid tube.
s y=TAL
N poc Q , (1.32)
2
)‘ The solution of equation (1.32) requires the experimental measurement
j:"f of three resonance parameters: the resonance frequency f; the reso-
) nance quality factor Q; and the wavelength’ of the resonance standing
NS wave, in order to compute the sound speed C. The accuracy of the
value computed for J depends on our ability to measure these parame- ' &
,_ ters accurately. The methods for doing this will be discussed in the
5 1 next chapter. . '3
- In using equation (1.5) with the result derived above, we
) must ensure that the pressures and voltages implied are indeed the l
maximum amplitude values at the antinodes. The test transducers’ 3
, output will be proportional to the average sound field over their active _
- surfaces, which at its maximum will be less than that which would be #
:E:‘, generated by a uniform field at the maximum pressure amplitude P by :
E:. the factor ,
oy :
= 3
‘: 19 b
b 4
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VAL =:1 55 cos k(z=2zm) ds = 20 kL./2
T

WL, /2 (1.33)

Measured voltage outputs must be corrected by this factor before the
results are used in the calibration equation when transducer dimensions
are an appreciable fraction of a wavelength. For the LC-10's used in
our experiments, this factor is 0.05 dB at 1kHz; for the LC-32's, it is
0.27 d8B.

3. Limits of Derivation

The derivation of the compiiant tube reciprocity parameter has
been done under four important simplifying assumptions. To the degree
that these approximations do not represent the real system, the results
obtained by absolute calibration will be in error.

The first of these approximations is the use of the solutions
to the lossless wave equations in computing the total energy in equation
(1.28). The PVC wall does attenuate the sound wave, resulting in a
resonance sound field which resembles that derived by Kinsler, Frey,
Coppens, and Sanders [Ref. 10:pp.206-209]. Figure 1.1 shows the .
measured variation of the pressure amplitude with depth for the n=4
mode. The pressure amplitudes at separate maxima will therefore not
be identical, as is required by our dévelopment, which assumes an infi-
nite standing wave ratio. )

A second approximation is the assumption of linear behavior
for the polyviny! chloride wall. In fact, PVC has no elastic region for
strain, as was discussed in the derivation of the wall motion equation.

The nonlinearity of the wall permits mode coupling into other resonance

modes, particularly when two resonances have spatial pressure maxima
near the same position and are related subharmonically. The result of
such coupling when the coiumn is driven at one frequency is to depress
® the amplitude of individual pressure maxima by an amount proportional
- to the degree of coupling at that position; again violating the require-
= . "
b ment for equal pressure amplitudes at the two test positions.
o
=
»
L
o
o
»
i
N RS R Re)




Third, the reciprocity concept requires that the receiving
transducer approximate an infinite mechanical impedance to the medium.
While piezoceramics do meet this approximation very well, the soft
mounting material used the the hydrophone body and gas bubbles on
the hydrophone surface do not. Their presence could significantly
distort the sound field in the vicinity of the transducer.

Finally, the projector used to drive the column into resonance
does not produce a sound field identical to that generated by a small
piezoelectric transducer suspended in the water column. The local
sound field near the cylinder is 'some combination of radial modes which
matéh the cylindrical boundary conditions to the overall plane wave,
coupling the driving transducer to the standing wave system. The
effects of this coupling factor are slightly frequency-dependent, and
are not accounted for in this model.

Our measurements demonstrate that the simple model derived,
despite these deficiencies, produces consistent results to within :0.8
dB, but does not explain differences from a standard comparison cali-
bration of up to 2.1 dB. The root-mean-square average difference is
1.5¢0.4 dB for the range of hydrophone types and frequencies tested.
A method and apparatus for performing this type of calibration experi-

ment, and the results of our experiments, follow.
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Il. COMPLIANT TUBE RECIPROCITY EXPERIMENTS

A. RESONANCE PARAMETER MEASUREMENT

The formula for the reciprocity parameter derived-in the preceding
section requires the accurate measurement of three resonance parame-
ters: the resonance frequency, the sound speed at that frequency,
and the resonance quality factor. Each of these measurements involves
finding an extremum from a set of data samples, which will inevitably
contain noise. The experimenter who attempts to resoive extrema from a
discrete sample set by'comparing measured signal outputs performs the
discrete equivalent of differentiation, which enhances noise and
increases net error in the result,

The solution to accurate, reproducible resonance parameter meas-
urement which D. Conte and S. Garrett originally developed [Ref. 12]
combines the high data rate of automated measurements with the power
of curve fitting. The intuitive explanation of the effectiveness of this
method is the human analogue; rather than take discrete measurements,
experimenters instead "swing" the system slowly through the
extremum, and let the eye interpolafe the location of that point. The
optimum automated processing analogue for this method is curve fitting
to the minimum expansion of any function y(x) which will resolve

extrema, the second order equation
Y(X) =.Co + Cix + szz (2.1)

The three coefficients of this curve can be found for any set of three
or more measurements; if more than three measurements are made, the
nonlinear regression methods described by Bevington [Ref. 13] can be
used to reduce the noise error in the measurement of the extremum, as

long as the span of the sample set around the extremum is small enough

Satot e e o«
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that equation (2.1) is a valid approximation. The regression equations
for the three coefficients are algebraic, and are derived in Appendix B
(equations (B.12), (B.13), and (B.14)). The location of the extremum
(again from Appendix B) is displaced from the coordinate origin of the

sample set by

Xm — Xo = -C1/2C2 (2.2)

In our application of this method to measurement of the resonance peak
frequency , the sample set is composed of seven hydrophone output
voltage amplitudes measured at equal frequency intervals; the sample
set origin is shifted until the estimated peak frequency falls within one
interval of the center frequency of the sample set. This is the peak
frequency locating algorithm. Figure 2.1 is a example of this technique;
the asterisks mark data points used to establish the coefficients for the
curve and to compute the location of the maximum, and points marked
with circlies are discarded from the final fit because they are more than
three steps from the extremum. The sound speed is found by
sampling the pressure amplitude at regular intervais in depth from the
surface, and again shifting the set used for curve fit until the esti-
mated maximum or minimum is within one stép of the center of the set.
The positions thus located occur at quarter wavelength steps, and can
be fit to

o Zm = MA/4 + 2o (2.3)

to obtain the wavelength; the sound speed is then just the product of
-.-_ the resonance peak frequency and the wavelength. This is the sound
speed measurement algorithm.

The curve fit in frequency also yields a reduced-noise value for

the peak amplitude at resonance, which is essential to accurate
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measurement of the half-power frequencies required for the Q measure-
ment algorithm (equation (1.24)). Once the half-power amplitude is
known, the half-power frequencies can be found by sampling outward
from the peak frequency until a pair of samples brackets this value at
the minimum frequency interval permitted by the equipment (in our
case, 1 Hz). The half power frequency is then calculated by linear
interpolation.

The curve-fitting method can resolve extrema in noise to a degree
far surpassing the eye integration method it was drawn from. It has
the additional advantages of sound mathematical basis, speed, reprodu-
cibility, and independence from observer biases. It also has the consid-
erable advantage of being easier on the observer. The method's main
drawback is its bias toward finding the parabolic curve in any data,
including pure noise; care must be taken in selecting stepsizes to
ensure that the changes in the signal are not so small that they are
overwheimed by noise, and to ensure that the sample set span is not
larger than the region about the extremum where a second order
approximation is valid. The best method for checking new cases is
graphical display of the data set and the curve for the operator

approval.

B. DESCRIPTION OF EQUIPMENT

1. Control System (Figure 2.3)

The experiment is controlled by a venerable Hewlett Packard
HP-85 laboratory computer with 32K memory extension, |EEE-488 bus
controller, and appropriate ROM extensions. The program used is
documented in Appendix C. Commands generated by the program over
the data bus control the experiment's configuration changes during
measurements through the two dual remote coaxial switches (Hewlett
Packard HP 59307) and a Hewlett Packard HP 3421 Data Acquisition
Control Unit. The latter unit is configured with two actuator relays
and eight measurement channels (option 020). The two actuator relays

control the operation of the reversing DC manipulator drive riotor.
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Figure 2.1  Parabolic Curve Fit in Frequency
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The manipulator's screw drive, which is described below, also
drives a Hewlett Packard HED 680 position encoder that increments a
Hewlett Packard HP 5016 universal counter in totalizing mode.' The
changes in this totalized count provide (via the data bus) the program

with a measurement of actual manipulator motion.

2. Transr;\itter (Figure 2.4)

A Hewlett Packard HP 3314 function generator provides a.

stable bus-controlled sine input signal at two voltage/current levels,
and a synchronization signal at' the selected frequency and constant
voltage. The high voitage output is amplified and used to drive the
piezoceramic transducer at rms voltages of 10 to 20 volts AC. The
low-voltage, high-current demands of the USRD J11 projector [Ref. 14]
are met by low-gain power amplification of the function generator's low
voltage output. The transmit remote coaxial switch (714)2? selects the
signal source from these two options and feeds the signal to the
reversible transducer switch (706A), to the J11 projector, or through a
test attenuator which returns a known signal to the receiver input
switch (706B).

A Hewlett Packard HP3478 digital multimeter, configured as a
remotely controlled 5 1/2 digit AC voitmeter, is connected to the

transmit signal line to measure the transmitting voltage.

3. Receiver (Figure 2.4)

The test transducers used in these experiments are: two
Celesco LC-10 piezoceramic hydrophones (Figure 2.5), selected for their
small size and good transmitting response; and a Celesco LC-32 piezo-
ceramic hydrophone (Figure 2.6) of larger size. The voltage sensitivi-
ties of all three units were measured by comparison with a reference
standard USRD HS56 hydrophone [Ref. 14]. The results are listed in
Table II. The LC-10's are mounted on 0.375 inch thinwall copper
tubing; the LC-32 is mounted on 0.4375 inch tubing. Signal cables are

2The remote switches are identified here by their |EEE-488 bus
address codes.
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TABLE il

Comparison Calibration Results

e BB B

(All values ¢ 0.8 decibels)

N Frequency LC-10#2166 LC-10#2338 LC-32#85

N ?Hz) & 2m cable & 9m cable & 11m cable
] 740 -206.5 -206.8 -212.3
o 860 -206.8 -207.3 -213.4
i 1000 -206.9 -208.8 -214.3

routed up the interior of the tubing to minimize effects on the sound
field. The two test transducers are suspended from the manipulator
platform. Their output is raturned from the top of the manipulator
assembly by two of three coaxial cables of the same length and meas-
ured capacitance. The third of these cables connects the test attenuator
into the receiver input switch (706B), which makes all receive signal
path wiring nearly equivalent. The reversible transducer switch (706A)
selects either its receive or transmit lines; the receiver input switch
(706B) selects the lockin analyzer input from the reversible transducer
receive line, the test hydrophone, or the test attenuator.
: The EG&G PAR model 5204 lockin analyzer filters out the
components of the rgceived signal which are in-phase and in-quadrature
with the reference (synchronization) signal.” Their Pythagorean sum is

used to obtain the magnitude. The analyzer is typically operated with

;,:,_. an integration time of 300 milliseconds, which corresponds to an equiva-
t‘f_ fent noise bandwidth of 0.8 Hz; this causes the lockin analyzer to act
s as a very sharp filter synchronized to the transmitter signal. The
i:‘ analog output of the model 5204 is passed to a measurement channel of
‘_f:.: the HP 3421 for digitization.

S

;":l 4. Mechanical System

2

-fj:- The tests are conducted in a 6-inch (154 mm) inside diameter

‘.-__"'.- Schedule 40 polyvinyl chloride tube mated to the active surface of a

L USRD J11 electrodynamic underwater projector [Ref. 14]. The tube

...........
.......
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. Figure 2.5 Celesco LC-10 Hydrophone
(Reprinted with permission of Celesco Industries, Inc.)

stands 1180 mm above the J11's active surface, and is filled to a depth
of about 1 meter; its wall, which is smooth on the interior except for
small regular extrusion marks, is 8 mm thick. The configuration
resembles: the USRD G40 calibrator used for comparison calibrations
[Ref. 14]. (This system was originally constructed by Mills and
Garrett for their work [Ref. 15] with fiber optic gradient hydro-
phones.) Equalization for the 411 driver is provided by air pressuriza-
tion of the installed air bag, monitored with a water-filled U-tube
manometer.

The test transducers are suspended on thinwall tubing
supported on a rigid table which is raised and lowered on two one-inch
rod tracks by a motor-driven screw drive; maximum range of motion is
800 mm. The drive controls were described in the paragraphs on the

control system above.
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. Figure 2.6 Celesco LC-32 Hydrophone
(Reprinted with permission of Celesco Industries, Inc.)

C. PROCEDURES FOR EXPERIMENT

1. Preparation

Before the test transducers are suspended in the water
column, the experimenter must measure the reversible transducer's
input capacitance, so that the transducer current can be computed from
the transmitter input voltage and drive frequency. The active surface
lengths of both hydrophones should also be measured for use in
computing the transducer amplitude averaging factor (equation (1.33)).
The test transducers are then suspended from the manipulator, wetted
with a detergent solution, immersed in the water column, and brushed
to remove bubbles from the active surface. |If necessary, the tube's

inner wall should also be brushed free of bubbles. The water column

depth is measured with a meter stick.
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2. Mode Selection

Two parameters are available to vary the resonant frequency
of the water column at which the calibration is done: the water depth
L and the mode number n (equation (2.4)). The procedure requires
wavelengths much larger than the coaxial lengths of the transducers.
In particular, the wavelength should be much longer than the coaxial
length of the reversible transducer T to ensure that T's surface is
entirely within the velocity node and feels little or no impressed pres-
sure when T is transmitting. The wavelength should also be at least
four times the length of the test hydrophone H. Practical experience
has shown that calibration results are most accurate when T and H are
positioned at two different pressure maxima of the n=3 or higher order

resonance modes.

L= %(n +Y2) =2 (0 +1/2) (2.4)

3. Resonance Parameter Measurements

After positioning the test transducers at the approximate loca-
tions of the deepest and next deepest accessible spatial pressure maxima
with similar pressure amplitudes, the operator uses the peak frequency
measurement algorithm to find the resonance frequency f. The trans-
ducers are then withdrawn above the first pressure minimum.

One of the transducers is now used to measure the locations
of maxima and minima in the standing wave pattern. Linear regression
of this data gives the quarter wavelength, which in turn gives the
sound speed.

Finally, the transducers are precisely repositioned at the
maxima where the resonance frequency measurement was made. A
precise measurement of the peak frequency and of the Q factor are
made, completing the set of measurements needed to compute the reci-

procity parameter from equation (1.32).
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4. CaliBration Measurements

Before making the final measurements, the experimenter
switches the attenuated test signal into the receiver output to measure
the net effects of cable losses, preamplifier gain drift, and deviations
between the lockin analyzer's and the digital voltmeter's measurements.
This correction is applied along with the amplitude averaging correction
factors from equation (1.33) to the calibration voltage measurements
that follow.

The transmitter is switched to the reversible transducer T,
and the receiver to the test hydrophone H. The transducer-to-
hydrophone output voltage E(TH) is measured, corrected, and
recorded, as is the transmit voitage V(T). The latter is used with the
capacitive admittance of T to compute the transmitter current I(T).

The transmitter is then switched to the projector, and the
drive voltage adjusted to give a sound field of the same amplitude at H
as was used in the previous step. The projector-to-hydrophone output
voltage is recorded (it is equal to E(TH), within the limits of the
projector drive adjustment error). The final calibration measurement is
made with the receiver switched to T with the projector drive
unchanged; the result is the projector-to-transducer output voltage
E(PT). '

These measurements complete the requirements to compute the
test hydrophone voltage sensitivity from equation (1.3). The same set
of measurements can be used to compute the reversible transducer's

sensitivity using

E,E

M: = JoerTru
Epulr

(2.5)

The results for M are in volts per pascal; the customary units quoted

are decibels re 1V/uPa, which is found by calculating

=20 1log M - 120 (2.6)
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5, Self-consistency Check

When both transducer can be used as reversible transducers,
the results of the reciprocity calibration can be checked promptly by
exchanging the transducers’' roles in the calibration measurements.
Repeat measurement of the resonance parameters and transducer reposi-
tioning is not required.

Unless the two transducers have identical nonlinear responses,
this second set of readings will confirm the accuracy of the assumption
of reciprocity. It will not, however, measure the error in computing

the_reciprocity parameter J, which must be estimated independently.

D. RESULTS OF EXPERIMENTS

1. Reciprocity Tests

Tests were run on the three transducers in all pair combina-
tions at the three accessible modes: n= 3, 4, and 5. Modes below n=3
were inaccessible because the LC-10 transducers' transmitting response
was too small for reliable measurements; modes above n=5 were attenu-
ated into the 'tails’ of the lower resonances, which obscured the half-
power points needed to measure Q.° Comparison of a number of
reciprocity calibration test results showed reproducible results to within
0.8 decibels. However, the calibration results in Table IV disagree
systematically with the values obtained for the same hydrophones by
comparison with the USRD standard hydrophone (Table Il) by 1.5 deci-
bels (Table V).

2. Error Analysis

The self-consistency error quoted in Table |V was determined
by reversing the electrical roles of the two transducers without
changing their positions; the difference in computed results for the two
measurements is the degree to which the system is not reciprocal. The
estimated error is the combination of the seif-consistency error with the

error in measuring the reciprocity parameter, listed in Table [I].
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The primary source of self-consistency error is the difference
in pressure amplitudes at the two maximum locations used, which we

believe is caused by attenuation. By careful selection of modes and
locations, we were able to reduce this error to 0.2 dB. Another lesser
source of self-consistency error is the changing effect of the support
tubing used for the transducers on the sound field as they are lowered
into the water column. Insertion of the transducers and their su;:ports

. into the water column displaces about 0.4 percent of the water column
in volume, causing a similar chAange in the column depth and in the
positions of maxima and minima. The change in the minima is the most
sighificant error encountered in measuring the wavelength of the
standing wave; because the cosine function is flat to first order,
however, the effect on transducer positioning at maxima is negligibly
small.

Compliant materials associated with the signal cables and the
transducers appear to degrade the reciprocal nature of the geometry.
This error is reduced to very low values by selection of transducer

. location and by eliminating compliant materials (signal cables, for
example) in contact with the water.

Parameter measurement error is dominated by the apparent
variation in tha2 system quality factor over the length of the tube. An
increase of 6-10 percent in the value of Q determined by the half-power
frequency method was observed as the depth of the measurement was.o..
increased by one wavelength; our model for the compliant tube system
does not account for such effects, and is therefore limited in the accu-
racy with which it predicts the reciprocity parameter to about 0.8 dB.
This is the largest recognized source of measurement error in the

compliant tube reciprocity method.

The systematically lower sensitivities measured by the reci-

b procity method relative to those measured by comparison with the H56

E“
m standard are not yet understood. This discrepancy may rise from the
;*'_'C‘: inadequacies of our model for the system energy balance, from the
I%I‘
?\ method used to measure Q, or even from technical difficulties with the
)%

La*) comparison calibration.
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3. Measurement of Wall Motion

Since sound speed can be measured directly, it is not neces-
sary to attempt the difficult measurement of the actual elastic strain in
the tube wall as part of the calibration process. However, the degree
of correspondence of the actual strain behavior to the model derived in
the first chapter is an important indication of the -validity of our
method.

The circumferential wall strain was measured by attaching
constantan .250 inch strain gages [Ref. 16] to the exterior surface of
the_ tube at the depths of some of the pressure maxima located by the
test transducer. A second lockin analyzer used as the sensing element
of a resistive DC bridge measured the magnitude and phase of the
strain oscillations sensed by the strain gage; by comparing the output
of the strain gage with the magnitude and phase of the pressure meas-
ured by the transducer at that depth, we computed the complex impe-
dance (W,8) of the wall ring (equation(1.21)). The results in Table Vi
agree in general with the measured sound speed in the tube. Also, the
indicated damping phase effects are reasonably small, justifying our
approximation for the wall potential energy computation of equation
(1.23).




30 Mt Sian L~ w2 o ke

«’ »

gp) 410442 pajewn}sa [P0l = WV
vaw 40449 A3uUd)S81SU0D }BS = JAV
(edl1 /AL a4 gp) AjANisuas abejjoA auoydoupAy = W

gp g°'0 = WV 40449 pajewlyse |ejoy abeuoAe SWY
80 LO £'Gle- 60 €0 L'oLe- 60 Vv0O 0°60cC- S00L ]

80 90 €EIT- 9'0 9°0 0°60zZ- 9°0 ¥'0  6L0C- 98 e
60 80 TvIT- 9'0 ¥'0  §80T- 9'0 ¥'0  £80I- stl :
WY JAY W WV WY W WV IV W

2)qQed wj}| 13 ajges weg 3 ajqed wg 13 ?Iw

G8HTE-D1 8ECTHOL- O 991z# 01-D7 Aausnbau 4

(*s|2qioep ul aue sal3uL 2qe} ||V)

mucwﬁcwbﬂmﬂwz ﬁo_umbﬂzwu wCOSQOLU\/I ”
Al 379VL
80 G 0€ 191 G78EE GEE So0t g _
S0 AR A4 S Il £3GSE yOY 98 b o
_ S0 1°0T vl 9799¢ g6b cT!l € o
JOJJ e u S /W wuw r4 o
Am%»_um_mm (2 mmk ) o) pas m\_uw_:om cummo_mw,m\s >um_mﬂ~5gu #OPOW

SIUBWRINSEeIN J9)3Weded IJUBUOSIY

: i 318vl

: . : } . - . ' . . .~..... . . ... .... . g Rl R .~..~-.~\Nc»--\.:u.4.- .-‘.hnh-n

5 g 2 ¥ i 0




paunsea

LA Yl A lir Ykt §

R Sk Sl Gh B i i)

g “h N W R Y ]

pi i

a0 2 h e e aua e - £ ey ae e Shan M o 20 (e Nt B

G*8EE 0g+0LE 6°1 (78-°6"1) v/S
£+GGE 0E+0tE St (92-°9°7) v/e
9+G9t 0E+0tE 9°¢C (08-°1°7) v/E
a|qe : e saauba
(W, sTeh) :oa_wwztu um_%_mm_w%v Nm-mm .%3 (syibuajprem)
Am\Ew‘vmem punos oiisel3 . auepadu yydaQg

v 036" L-
G-
gL-
81L-

(11 @iqe3)

e e . T e e A et ar?,

sjuswaanseapy UOCOW ||BM aqn |

IA 378VL
€l 971~ L \-
0°1L- €1 ‘ L¢-
L'L- L'l- L L-
"6°L- L1~ 8°L-
ajqed wi| 3 a|qes wg 3 ajqes wy 4
S8# CE-07 8eed# 01-01 991c# OL-01

(°s]3q1o9p Ul ade satujua Iqey (1v)
pJepuels gGH QHSN Y3m uosidedwod “sA A)ooadisay

S}jNsay uofjedqije]) ul suoneldeAp

. A 3149Vl
+ e e el [ IR P ST ST . [ PR
L LRPUIL L PR FARSASFLERIFNIRS — T B¢ S T ot
R .-—-.N\M. -.. [ L RO S g U.. e TN s Bt & R Iy \u SR R
L At . p e .

bl Gl S 4Pl

S001
898
14

z
>ommmwm¢. 4

(swy)bay 2
S001L
98
141

(zH)
A2uanbaua 4

.'“nnunsﬁ-vb. k-..\-.\\ 3

A I STl 0k )




1ALAL

Ll &

s A

'.fu "1’. ’.y‘lfh

¥ "
LS

X "’- ‘.- "- 2 “-.f

AL

ONIRIIRAON

XA

lIl. UTILITY OF COMPLIANT TUBE CALIBRATION

A. LIMITS OF COMPLIANT TUBE CALIBRATION

The compliant tube reciprocity method can be extended to low
frequencies by simply increasing the length of the water column
enclosed in the PVC tube, or by decreasing the wall thickness to diam-
eter ratio (equations (1.11} and '(1.20)). The practical lower frequency
limit is the length necessary to support the n=3 standing wave, which

from equation (2.4) is

flow =7 3.1

The upper frequency limit depends both on the onset of‘azimuthal
modes, and on the increasing attenuation of the sound wave by the PVC
wall. The former constraint breaks the plane wave symmetry when the
frequency is greater than (0.586¢L/R) times the fundamental longitu-
dinal mode [Ref. 17]. The attenuation problem causes excessive varia-
tion of the measureable system quality factor with depth and reduces Q
to the point where half power frequencies are obscured by adjacent
resonances.

Test transducer geometry is restricted to shapes that are small
enough in cross section that reflections from their lower surface do not
significantly affect the standing wave. The length of the reversible
transducer, as discussed in the procedure description, should be as
short as possible consistent with adequate transmitting response. (A
flat disk transducer might be more effective than the cylindrical LC-10
we used.) The test hydrophone can be much larger, if the transducer
amplitude averaging correction is properly computed.

Accuracy of the method is primarily limited by the effects of the

wall attenuation. A derivation which accounted for these effects, and
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for the lesser effects of disturbances to the standing wave caused by
::"-: the test transducers and their support tubing, could conceivably
.__ achieve much lower calibration uncertainities.

A significant advantage of the compliant tube method is the use of
-::':_:E pressure antinodes as virtual rigid boundaries at which to locate the
o test transducers. Many of the difficulties associated with mounting a
transducer in. an real boundary which must have some compliance are
::’_::. thus avoided.
":' B. POTENTIAL APPLICATIONS |
"._’:;Zj Two applications for the compliant tube system on a practical scale
"__:3 have been suggested to the author: a field/small lab calibrator, and a
large, very low frequency calibrator.

.-« The portability and flexibility of the test system used for
r compliant reciprocity recommends the method for general calibration use
:.::',‘-Ef in small laboratories and in the field. The 1-meter PVC tube provides
.:'_‘-:E:. calibration capability in the 1 kHz range; a 2-meter, 10-inch diameter
s tube would be more versatile and could reach frequencies of 3500 Hz. .
-:;"- The manipulator assembly need not be as complicated or massive as the
._’\ one used in our experiment; any system which can position the trans-
x}t‘: ducers within a few millimeters is adequate. Because the method
) involves resonance measurement methods as well as the techniques of
-::'-:: reciprocity calibration, it may also be of interest for advanced instruc-
e tional laboratories.

On a larger scale, a 10-meter, 30-inch diameter tube, which wouid

.,,
e e
R .

_fit upright in a two-story open bay, could reach frequencies below 100
- Hz and calibrate units similar in size to the Navy's TR-155 transducer.
If current interest in very low frequency underwater acoustics indicates
: é need for an alternative to the traveling-wave tube system described
in [Ref. 8], compliant tube reciprocity may provide the answer at a
very low cost.
There is also no reason we are aware of that the benefits of

compliant waveguide usage should be limited to resonant calibration.
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Construction of a compliant traveling wave tube calibrator with a non-
reflecting termination or of a Helmholtz resonant calibrator using two
compliant tubes should also be practical. The Helmholtz calibrator
concept in particular has the potential of extending the range of accu-
rate absolute calibration for the underwater acoustician to extremely low

frequencies.
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APPENDIX A
GLOSSARY

Subscripted variables in the text are represented using paren-

K theses, due to word processor limitations.

: A
A(T)
a

cm
C

D
E(TH)
g E(PH)
- E(PT)

- 1(T)

3

P

L o4 00 W
D O vV 33 3 2 X X

EY

v %

Cross sectional area of the water column at rest.

Active surface area of the transducer.

Instantaneous cross éectional area of the water column.
Parabolic curve fit coefficients.

Sound speed in a compliant tube.

Distensibility of the boundary wall.

Transducer-driven, test hydrophone output voltage.
Projector-driven, test hydrophone output voltage.
Projector-driven, reversible transducer output voltage.
Resonance frequency.

The test hydrophone used only to receive during the reci-
procity calibration.

Thickness of the tube wall.

Transmitter current in reversible transducer T.
Reciprocity parameter, or acoustic transfer admittance,
between two points.

Adiabatic compressibility of water.

Wave number at resonance = 2n/).

Depth of the water column.

Transducer's active length normal to the plane wave.
Hydrophone voltage sensitivity.

Number of quarter wavelengths below the water surface.
Resonance mode index.

Unit vector normal to surface element ds.

Acoustic wave excess pressure.

Pressure amplitude of the acoustic wave.

Resonance quality factor.

Inner radius of the tube.
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PP P

N
= R(m) Damping coefficient for tube wall vibrations.
-' . S Transmitting current response.
. s Surface area element. :
o T The test transducer used both as a projector and as a N
::: hydrophone during the reciprocity calibration. .
. U Volume velocity of the acoustic wave.
:.Z: u Particle velocity of the acoustic wave. -
‘ A\ Volume element. ' ::
w Complex mechanical impedance magnitude of the tube wall. :.
: x(0) Center coordinate of the data set used for curve fitting. .
s x(m) Coordinate of extremum of the curve. ".
Y Elastic coefficient for tube wall expansion. !
. y (i) Sample set to be curve fit. 7
Z(E) Transducer blocked electrical impedance. ’
;}f Z(m) Transducer open-circuit mechanical impedance. 3
z Depth from surface of water column. -
2 z(0) Depth measurement offset.
. z(m) Depth of the mth pressure maximum/minimum. "
-:- ) Sampling interval for curve fit sample set y(i). N
€ Areal strain in the wall. See equation (1.19). 3
¥ Length averaging correction factor.
\ 8 Complex mechanical impedance phase angle of the tube wall. 1
‘ X Wavelength of the standing wave. :
3- P Instantaneous local water density. ﬁ
::: P Ambient water density. :
"‘ $ Transformation factor, '
:-_‘: x? Sum of squared errors in a curve fit to data. s
W Angular frequency at resonance. 3
'-:Ef C Areal expansion coordinate.
»
f_d ;
i .
& 1
"h -
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APPENDIX B
PARABOLIC SMOOTHING ALGORITHM

The algebra of deriving formulas for the best choice of coefficients of a

nonlinear equation, such that the sum of squared errors described by

2

xX*=T xi

T [yt - y] (8.1)

is minimized , is described by Bevington in [Ref. 13]. The minimum
for the function defined by equation (B.1) is defined by the selection

of coefficients which solve

gﬁ =0
P | (8.2) .

where C is any of the coefficients of the curve to be fit to the data.
The simplest function that will predict maxima and minima is the

quadratic equation

y(x) = Co + Cix + Cox’ (B.3)

The single extremum of this curve occurs at

Xm = Xo = =C,/2C, (B.4)

with respect to the coordinate origin located at x. Let the sample set

be seven measurements of the function y sampled at regular intervals §
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Y1 = y(xo +16) ; i= =3, =2, =1, 0, +1, +2, +3. (B.5)

Evaluating the best fit function's partial derivatives with respect to the
three parameters for such a sampled data set gives equations (B.6)
thru (B.11); summing and cancelling yield equations (B.12), (B.13),
and (B.14). These analytic results can then be used with equations
(B.3) and (B.4) to obtain the location of the maximum and its ampli-

tude, or the smoothed value for the amplitude at'any location.

z (B.6)
x-3 = 96 Cz— 36C|+ Co- y-;
X-2 = 46°C— 26C,+ Co— ¥z (B.7)
X-1= 62C2- 6Ci+ Co-— Y -1 (B.8)
Xo= Co~vo
. (B.9)
) X+ = §3Ca+ OCi+ Co- Y+t
2 ) (B.10)
X+2 = 46 Cz+ 26C|+ CQ- Ys+2
Xos = 962Co+ 36C,+ Com Yaos (B.11)
2 (B.12)
8446 C2=5(y.3+ y-;) - 3(Y¢-|+ y_l.-4y° )
286C = 3(yes= y-3) + 2(ys2= y=2) + (yor=y-,) (8.13)
21Co = 7yo + 6(y. + y-1) + 3(y+2+y_z) - 2(y.s+ y-3) (B.14)
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APPENDIX C
ACTRE: HP-85 BASIC PROGRAM FOR RECIPROCITY EXPERIMENTS

A. WHAT THE PROGRAM DOES

The Automated, Compliant Tube Reciprocity Experiment (ACTRE)
program provides the operator with a menu of soft key controlled
"tools" for resonance parameter and calibration measurements. Its
design was based on the need for maximum flexibility, rather than
maximum unattended operation.

All of the measurement "tools" are subroutines called from the
HP-85 function keys by the operator. The major procedures are: the
peak frequency location algorithm (KEY 1); the spatial optimum location
algorithm, which also computes wavelength and sound speed (KEY 2);
the Q measurement algorithm (KEY 5); and the reciprocity calibration
measurement sequence (KEY 7). Supporting procedures provide the
actual control statements for remote switching, function generator
setup, manipulator positioning of the hydrophones, receiver output
measurement, and graphics output. Any procedure may be terminated
by calling the process clear sequénce (KEY 8). Comments on the
detailed structure of the program are includéd with the scurce code.

The program was developed to fit the demands of the experimental
apparatus,the experimenter, and the research goals of this work as well’
as the limits of the host computer permitted. Time and cora memory
constraints severely limited efforts to make the program friendly or

accessibie to the uninformed.

B. TEST EQUIPMENT BUS CONNECTIONS

The code is designed to use the |EEE-488 bus-controlled test
equipment described below. All of the primary measurements are
made with bus-controlled equipment, except for the hydrophone output
voltage measurement by the EGEG 5204 lockin analyzer, whose output
signal must be converted using the HP 3421 D/A unit.
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Bus assignment numbers used in the program:
705 HP7470 hardcopy plotter. N
706 HP59307A remote controlled switch:
A switch: reversible transducer; '-;:
B switch: receiver input. P,
707 HP 3314 function generator. -

709 HP 3421 Data Acquisition/Control Unit, with Opt 020
board in slot Q.- Channel assignments:
0: Manipulator motor drive up actuator

1: Manipulator motor drive down actuator

5: 5204 lockin analyzer magnitude signal.
714 HP 59307A remote controlled switch (transmit side). *'
720 HP 5316 Frequency counter, in count totalize mode. ‘
723 HP 3478 digital multimeter, configured as an AC volt- ,:
meter. ht
) L
it
gt
C. VARIABLE ASSIGNMENTS §
Wy
1. Defined Functions 3
FNH(X1) Length averaging correction function (equation I
. Y
(1.33)). '
FNK(KO) Cycles KO through the indices 1,2,3. Used in plot
scaling algorithm. :
FNL(X0) Returns decibel value of X0 = 20 log(XO0). i:
FNM(X0) Returns voltage sensitivity in dB re 1V/uPa (equa- E
tion(2.6)). ‘.

FNR(X0) Returns value of X0 rounded to three significant
3t
places; required for compatibility with HP3314 function N
generator amplitude command. Y
]
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2.
A(T)
A2
Ad
A5
A7
A8
B(3)
B81-B89
C1-C5
cé
] Cc7

Ny cs

-

\%

' 4

Er D1

f:j: D2

}iz; D3

i D5

A D6

P R i aar otk o

v

T B v G

. TR
LIS . i. RIS
. s 4 ca S N S
.

Variables

Amplitude sampling array, used for curve fitting algo-
rithms.

Amplitude ratio of hydrophone output voitage to
transmitter input voltage. Measured by the Amplitude
Read procedure.

Half power amplitude in Q measurement procedure.
Lockin analyzer output signal to D/A unit (709)
channel 5; ranges from 0-1 V to indicate O-full scale
magnitude reading.

Resonance peak amplitude, computed from curve fit.
Preceding measurement storage--in Q measurement

procedure.

Plot scaling parameter array

Plot parameters

Sums used in wavelength measurement least-squares
procedure [Ref. 13].
C1: Sum of NS.
C2: Sum of NI*N9.
C3: Sum of L9.
Cd: Sum of LI*NI.
CS: Sum of L9*L9.
The quantity A in the least-squares fit.
Resonance sound speed (m/s).

Error estimate for C7 (m/s).

Water column depth(mm)

Water column cross section (mm?)
Water column volume(m?)

Length of T (mm).

Length of H (mm).
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E3

E(PT): OQutput voltage of T , P driven (V).
E(PH): Qutput voltage of H , P driven (V).
E(TH): Output voltage of H , T driven (V).

All frequencies are in hertz(Hz).

FO
F1
F2
F3
F4
F5
F6

F7
F8
F9

G2
G5
G7
G8

H1
H2

Center frequency of sample set.
First peak detection / Lower 1/2 power point.

Second peak detection / Upper 1/2 power point.

Peak frequency estimate.
Lower search boundary.

Upper search boundary.

Drive frequency; argument passed to Amplitude Read

Setup procedure.
Resonance peak frequency.
Error estimate for F7.

Stepsize.

Receiver preamplifier gain.

Lockin analyzer outpi.nt expand setting.
Calibration attenuator value.’

Drive boost factor for preamp calibration

Calibration routine.

Length averaging correction factor for T.

Length averaging correction factor for H.
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{0 General use

13 Size of plot files X(), Y().
14 Selection index for Operator Input procedure.
15 Number of time constants TS5 to delay before measure-
ments.
18 Select index for Switching procedure. :
19 Wavelength measurements count.
J3 Reversible transducer(T) transmit current (A).
J7 Reciprocity factor (V*A/Pa2?).
KO Water density (kg/m?). ;
§
K3 Plot scaling array index.
L9 Pressure maximum/minimum position (m).
M1 Hydrophone voltage sensitivity of T (V/Pa). h
M2 Hydrophone voltage sensitivity of H (V/Pa).
NO-N2 Position counts; used to compute manipulator motion.
N9 Number of 1/4 wavelengths from surface corresponding
to L9. ’
Q7 Measured quality factor of resonance. .
RO Position encoder count ratio for down motion )
(counts/mm).
R1 Manipulator drive rate (counts/sec), down motion. )
R2 Manipulator drive rate (mm/sec), down motion. :
R3 Allowed projector drive adjust error. X
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R4 -
RS
R7
R8

SO
S1
S2
S3
S4
S5

S6
S7
S9

T2
TS
T7
T8

uo
Uil
u2
U9

Allowed peak frequency detection range.
Allowed min/max detection range. -
Q measurement coarse stepsize factor.

Manipulator up/down motion rate ratio.

The S variables are all control flags/indices.

General use.
Read enable flag.
Manipulator motion stop flag.
Plot option enable flag.
Fast display refresh flag.
Drive voltage select index:
0: use J11 projector drive voltage V4;
1: use piezoceramic drive voltage V3.
Automatic drive voltage control enable flag.
Resonancea peak detection index.

Plot execute flag and abscissa select index.

All times are in milliseconds.

Manipulator motion time adjust.
Lockin analyzer time constant.

Additional delay time before measurement.

Size of additional delay T7 to be used when required.

Curve fit amplitude at center of sample set.
Curve fit slope*stepsize.

Curve fit curvature *(stepsize)?.

Stepsize used in last curve fit ( for plot procedure).
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All voltages are in volts(V)rms, except where indicated.

V1 Transmitter input voltage.

V2 Hydrophone output voltage.

V3 Piezoceramic drive voltage(Vp-p).

V4 J11 projector drive voltage(Vp-p).

V5 Lockin analyzer fullscale setting; input as milli-

volts,and converted to volts.

V6 Function generator drive voltage (Vp-p).
\Zi Transmitter input voltage at resonance.
V8 Curve fit amplitude at F7, returned by 5-point

Voltage Measurement procedure.

WwO0-w3 General use working variables.

X(30) Abscissa plot storage array (Hz or mi-).

Y (50) Ordinate plot storage array (mV rms).

X0 Reference x-coordinate for curve fit plot (Hz or mm).

All variables beginning with "Z" are in millimeters(mm).

Z(7) Sampling position§ for X\ Measurement procedure.
Z0 Manipulator table position.
Z2 Estimated position of pressure minimum/maximum.
Z4 Position of center of sample data set/ operator-ordered
position to move to. '
Z8 Measured stepsize in A Measurement procedure.
Z9 Ordered stepsize.

3. Character String Variables.

As(128) Title; used to identify printout and plots.
Ms (20) Code identifier.
Ss(5) Remote switch position identifier.

ws(32) General character input.
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D. SOURCE CODE

e R
:-:t 1000 ! program actre-? 1
Ry 1010 ! Automated, Compliant Tube Reciprocity Experiment ;
S 1020 ! M.B. Johnsen, Dec B84
" 1030 !
; 1040 PRINTER IS 2 @ OFTION BASE 1@ DEG
o 1050 DIM A$(1281,Hs(S],W$(321,54(5] ‘
Fro < 1060 A$="ACTRE-7 mod B " @ CLEAR @ DISP AS )
e 1070 ! Functions ,
~ 1080 DEF FNH(X1) = X1/SIN(RTD(X1)) ;
- 1090 DEF FNK(K1) = K{ MOD 3+!
. . 1100 DEF FNL(X1) = 20#LGT(X1) ,
S 1110 DEF FNM(X1) = FNL(X1)=120 ;
- 1120 DEF FNR(X1) ' rounds to 3 significant figures for HPTTL4
. 1130 Wi=,0! !
o 1140 ! begin loop )
2 1150 IF IP(X1)<1 THEN X1=X1#1000 @ Wi=W1/1000 @ GOTO 1140 "
_ 1160 IF IP(X1):9 THEN X1sX1/10 @ Wi=Wi#10 @ GOTO 1140 i
2 1170 ! end loop {
5 {180 FNR=WL4IP(X1#100+,5) !
. 1190 FN END
- 1200 ! end: functions 1
R 1210 ! Variable initialization - i
N 1220 REAL A(7},42,R4,AS5,A7,A8,Ct,C2,C2,C4,05,C6,07,08,00,D2 !
1230 REAL D3,E1,E2,E3,F0,F1,F2,F3,F7,62,J3,04,J7,80,.9,Mt,m
1240 REAL NO,N1,NZ,U0,U1,U2,V1,V2,98,Y3,2(7),20,22,22,24,28 1
1250 SHORT B(3),B81,B2,33,B4,B5,B4,F4,F5,F4,F8,F9,65,57,53 «
. 1260 SHORT R0,R!,R2,R3,R4,RS,R7,RB,T2,T5,T7,T8,U9,Y7,V4 W3, VL ,V7 !
270 SHORT X(50),X0,Y(50),19 ‘
{ 1280 INTEGER B8,89,10,13,14,15,18,19,K3,k9,NI, N4, N9 .
2 1299 INTEGER 350,51,82,93,54,55,86,57,89
L2l . . . .
iy 1700 ' initial valuas
N 1310 51,82,56=1 !
- 1320 37,854,890 ]
: 1370 D2=Pl4.54%154/4 ¢ mat2 .
e 1240 G2=1 @ 37:28%.689 @ §B=I0 \
5 1357 R0=512.5 @ R1=400) @ R2=,46/R0 @ A8=1 @ TI=1398 ° nove cousts f
o 1760 822,00 ' F adjust errar
ﬁ? 1270 RART=LLOL Y pzak detect arror i
e 1780 la-z @ GCSUB 2040 4
ii 1299 14=8 @ I0=0 0 GOSYB I0s0 ' pesition input .
- 1400 14=2 @ GOSUB 2040 ! depth,tesperature =
v 1417 R7=120 ' 2 oputstep ratio R
- 1420 B(i),8(2)=2 & B(3)=2.5 ! plot scaling parameters :
g 1430 15=5 & T8=) ! read delay factors , i
L 1440 ¥0=998.2 ! kg/m"3 water density n
i .
oY 55 N
. »
e )’ 5
. a




1490 ! begin; equipment setup===========u======================:
1460 QUTPUT 709 ;"RS" ! clear A/D unit

1470 QUTPUT 707 ;"PR" ! clear 3314 fcn generator

1480 QUTPUT 723 ;"H2" ! xmit veltmeter

1490 DUTPUT 707 ;“AP1OMVY

1500 QUTPUT 709 ;"FIRORAOIINSLES;TL" ! a/d receiver output

1510 OQUTPUT 720 ;“FN12" ! pesition counter

1520 QUTPUT 709 ;"CLES"

1320 I4=! @ GOSUB 2040 ! LIA parameters

1940 ' end: equ;pment setup= tanssaszaRzaIIEAcAESSsaNRERSmaEAL =T
1930 ! begin: fresh slate for processing sx=zss==s=s=sss=zzzzoac-=

1560 13,19,N9,N4=0 ! plot file &wl/4 file sizes ,wl/4 count
{570 C1,C2,C3,C4,C05,C6=0 ! wavelength sunms
1580 £7,F8,C7,C8,087,V4=0

1S90 M1,M2=1000000 ! O dB re 1V/uPa

1600 VA=,0001 @ V3=10 @ T7=)

1610 S8=1 ! ADC on

1620 18=1 @ GOSUB 8120 ! switch

16430 GOSUB 180D ! set main menu

1540 ! end: fresh slate for processing======

1650 ! bcgln procassing 5tage::—.:====:=.—.===.—.=::==:===:=:;:::::=-V::':;

1660 ! hold here for operator menu selection

1670 CLEAR .

1489 DISP USING 8590 ; A%,F7,F8,C7,C8,07,FNM(MI) FNM(MD .
1590 IF 8T THEN DISP "plet on “;ELSE LISP "plct cff ‘i

1700 IF 56 THEN DISP "ADC on" ELSE DISP "ADC of+f"

1710 DISF S#;" 0="410

1720 KEY LABEL

1730 FOR 17=1 TO 49999

1740 IF S4 THEN 1740 ! fast refresh on return from bLey roul:unez

{750 NEXT 17

1760 S§4=9

1770 GOTO 1440

17839 ' and: processing ctagesssmssismemassnmantranaznasy ogay o
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) 1790 ! ======= =_-MENUS========================== .’
i‘ 1800 ! begzn' main Mmenu==sa=sSszzazsaszszaszszaza=s=z= i_
v 1810 ON KEY# 1,"Fn" GOSUB 2450 .
; 1820 ON KEY# 2,CHR$(11) GOSUB 4150
< 1830 ON KEY# 3,"move“ GOSUB 7990
1840 ON KEYH 4,"opr" GOSUB 2040 Y
™ 1850 ON KEY# 5,"Q" GOSUB 3380 3
‘%) 18460 ON KEY# 4,"a/pt" GOSUB 8120 -
N 1870 ON KEY# 7,"CAL" GOSUB S190 <
- 1880 ON KEY# 8,"clear" GOTO 1930 i
~ 1890 S4=1 ! fast refresh 3
1900 RETURN 7
; 1910 ! endimain meNUEsESS2RSrzaZz3sSNZRESSCTUEESTEErESSREYRSTHENS R
- 1920 ! begin: clear slate menu e
. 1930 ! provides exit/refresh processing >
- 1940 QFF TIMER4 { @ QFF TIMER# 2 ]
N 1950 QUTPUT 709 ;"QPNO" @ QUTPUT 709 ;"OPNI" N
. 1960 81,52=1 ! flag reset -
1 1970 13,53,59=0 ! plot dump ,
N 1920 OM XEY# 1,"main" GOSUB 1800 .
< 1990 ON KEY# 5,"wipe" BOTO 13550 R
¥ 2000 ON KEY# &,"quit" GOTO 8840 ¢
:4 2019 PRINT "QPERATOR CLEAR/RESET" Dy
2020 S4=1 ! fast refresh L
5 2070 GOTY 1630 ! enter processing stage .
: 2040 ' end: Clear MEBRU ST EESmosmIn- oo EoEN SIS roET Rmas N RmpEmm - x ::
~
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2050
2040
2070
2080
2090
2100
21190
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
2220
2230
2240
2230
2240
2270
2280
229¢

23100
30

ww‘)

2340

2350

2340
2376
2380
2290

o]
™
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| =z=zz=2=PROCEDURES===2=ss=z=z=2=3==ss=s3=ass=s3z==355=3:=
! begin: operator input procedure (HP-HUMAN bus)z==z===zw=
IF I4=0 THEN 2080 ELSE 2130

! menu display

CLEAR @ DISP USING B&00 @ DISP USING 84350

INPUT WO

IF W0>9 THEN Z0=WO0 @ WO0=0 ELSE 14=u0

IF 14=0 THEN 2430 ' return to main menu

ON I4 GOTO 2140,2200,2260,2310,2360,2400,2530,2590,2440
! 5204 LIA settings(id=l) '

DISP “LIA fullscale(mV),time constant(ms),expand";
INPUT VS,T5,65@ V3=V3/(1000%G3)

DISP "delay: # time consts,extra time(ms)“;@ INPUT [3,T8
PRINT USING B&10 ;3 1000#Y§,G6S5,7S,15,78

GOTI 2430

' water depth,temp(i4=2)

DISP "ceolumn depth{mm),temparature(C)";@ INPUT Di,u!
D2=D1#D2/10"9

PRINT USING 8420 ; D1,D03

REINT USING 84640 ; W

50T0 2430

" drive voltages(i4=3)

DISP "drive for P/T";VA;"/";V3;@ INPUT W#

IF LEN(WE) L0 THEN Va=VAL(WN$) @ VI=VALI(WEIPOS (WS, "/ " 1T

3 PRINT “F drive:"jV4:"Vv" & PRINT T drive:*;vi;v®

GOTO 2620

" comments ([4=3)

DISF "comments"

INPUT W$

IF LEN{W$) >0 THEN PRINT "#";W$ @ BOTO 2370 ELSE 2157
GOTD 2630

' various constants(l4=3)

CLEAR @ DISF "enter new values,then CONTINUE" @ FAUSE
cary

GOTO 2420
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r 2400 ! title (I4=4) :
N 2410 A%=A$(1,18] {
‘2. 2420 DISP "date";@ INPUT W$@ A$=A$LWS @ GOSUB BO70 '
"3 2430 DISP "run #" @ INPUT W$@ A$=A$LW$ @ GOSUB 8070
. 2440 ! transducer chars only(i4=9)
' 2450 A$=A$(1,44]
5 2440 H$="T is:" @ DISP H$;@ INPUT W$@ AS=ASLHSLWs @ GASUB 8070 »
o 2470 DISP "T active length(mm),capacitance(pF)";@ INPUT CS,Y3 N
;: 2480 H$="H is:" @ DISP H$;@ INPUT W$@ AF=ASUHSYNS :
- 2490 DISP "H active length(mm)";@ INPUT Dé Y
- 2500 PRINT USING 8630 ; A$,D5,Y3,D6 :
2510 YI=YI/10~12 @ DS=DS/1000 @ D6=D&6/1000 ! SI cenversions
oy 2520 G070 26390 A
R 2530 ! plot enable/disable(id4=7) :
> 2540 §3=NOT §3 @ 13=0 :
'Q~ 23S0 IF S3I THEN 2560 ELSE 2630 I
h 2560 PLOTTER IS 705 ¥
i 2570 LIMIT 32,232,30,180 @ LOCATE 22,122,27,97 @ PEN 9
o 2580 GOTO 2620 1
- 2590 ! position(id=8) i
& 2600 DISP "pesition=";I0;@ INPUT W4 '
2610 IF LEN(W$) >3 THEN Z0=VAL (W§) f
-~ 2620 GOTC 2470 . ;
’ 2530 14=0 @ 54=1 @ RETURN 4
-_:' 2640 ! end: operator input proceduressEsmrmssssssEnsInT tTIL
»
= '
) ;
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2660 PRINT USING B440 ; AS$ ! title ;]
2670 CLEAR @ DISP "“peak frequency measurement"

2680 DISP "estimate,search range,stepsize”;@ INPUT F7,W0,F9 .
2690 F4=IP(F7-W0) . ¢
2700 FI=CEIL(F7+4O)
2710 ! documentation !
2720 PRINT USING 8470 ; TIME,F7,W0,F9 -}
2730 ! warmup reading )
2740 IF S5 THEN Vb=Vl ELSE Vé=V4
2730 F&=F7 @ T7=T8 @ GOSUB 4990 ! umtr on ,leng delay .
2760 GOSUB 7310 ! warmup read :
2770 IF SI THEN 89=! @ GOSUB 3770 ! begin plot of a vs f

2780 ! begin tinitialize sampling array

2790 F4=F4-T4F9 @ GASUB 6990 i
2800 FOR I2=f{ TO 7

2810 GOSUB 7210 ! read amplitude A2

2820 IF 12¢7 THEN F4=F6+F9 @ GOSUB 6990 ' xmtr on next frag »tup r
2830 A(12)=A2 ;
2840 NEXT 12 ‘

2830 ! end :fill sample array
2860 ! begin:resonance search X
<870.87,F1,F2,F7=0 ! peak detect flag and detecticn storags K,
2880 FOR FO=F4 TO F3 STEP F9

2890 ! ¢0 is the freq at the center of the sample data sut ;?
2900 FL=FO+44F9 @ GISUB 699) ! xmir on next read fr=zq X
2910 ! curvature at 0 '
2920 U2=2(S#(A(7)+A(1)) -3+ LA(5)+AL3)) =444 (4)) /84 ;
2930 DISP USING 8480 ; FO,U2 2
2940 IF U240 THEN 2950 ELSE 3129 :
2950 ' slope at f0 i
2960 Ul=(J34CA(7)-ACL) ) +2%(A(B6)=A(2)+LA(S=A(3) /02 |
2970 ' peak frequency :
2980 FTaF)-FO«Ul/{2+U2) ‘
2990 DISP USING B490 ; F? v
3090 1F ABS(F3-F))F9#RA THEN 3010 ELSE 7120 %

u
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I010 ! peak detected at center of sample array

3020 ' peak amplitude

3030 UO=(72A(4)+6% (A(3)+A(S)) +3IR(A(2)+A(E) ) =24 (AT +AL) ) /2 ‘
3040 A7=U0-Ut#U1/(4#U2) .
3050 §7=57+1 @ v7=V1 :
J060 IF S5 THEN V3=V4& ELSE V4avs -
3070 IF §7=1 THEN F1=F3 ELSE F2=F3 ‘
J080 PRINT USING 8500 ; FI,1000#A7+V1,1000#U2,1000%V] )
J090 U9=F9 @ X0=F0 y
J100 GOTO 140

3110 ' end:peak detscted block )
3120 ! begin:peak not detected llock ;
3130 S§7=0 ! unset peak detect flag d
3140 ! end: peak not detected b
3150 ! end:tasts at FO it
7160 DISP Y
J170 IF 8742 THEN 3180 ELSE 3240 ! end search on twe detects f
I18¢ ' push down sampling array .
3199 FOR 19=1 70 & ;
T200 ACIO)=A(I0+1) ;
T210 NEXT 1D ;
3220 GOSUB 7710 @ A(7)=A2
. 3230 NEXT F0 ’ i
3240 ! eond search f
3250 IF S3 THEN GOSUB 5830 ' show plct 2
I240 IF S7¢2 THEN COFY & GOTO I27¢ ELSE I31¢ ’
:270 IF F1=0 THEN PRINT "gearch failed @ GOTO I330 ELSE Z2za - )
S280 ! one geed reading ;
3290 F7=F{ @ FB8=F9
3300 goTa 3339 )
J10 ' two good readings ‘
3320 F7=(F1+F2)/2 @ FB:ABS(F2-F1) ! average of two gocd rocdings !
3330 ! final rosults 4
2540 PRINT USING 9310 ;3 F7,F3 X
T3S0 S4=1 ! fast refresh i
33589 RETURN 4
33740 ) endicenter fra2g aml procedurasssuimsussssszItssnmsonnisnay
f
1
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2380
3390
J400
3410
3420
J430
3440
3450
3450
470
34890
2490
3500
I510
35820
7530
3540
35350
3S40
7579
7890
3590
T600
3510
3620
3530
I840
2650
T840
3670
7680
7590
7760
371G
I720
3770
740
750
1780
3770

780

! begin: @ measurement procedurez===zzzsEz=cs=z=sssrzszexass
CLEAR @ DISP "Q measurement"

DISP "center freq =";F7

f7=0

PRINT USING 8570 ; TIME,F7,10,85%

GOSUB 4930 ! measure peak voltage vB at 7
A72VB/VY

' set search limits

F9=CEIL(F7/R7)

Fa=MAX(0,F7=-204F9)

FS52F7+4204F9 '

DISP "peak :";1000%A7*V|

A4=A7%.707106781185 ! 1/2 power amplitude
DISP "half power:";1000%A4xV1

' baginisearch for lower 1/2 noint

F&=IR(F7)

AB=A7

! begin :loop to find f4{f1

F&=F4-F9

IF F6»F4 THEN GOSUB 6990 ELSE 4090 ! xmtr on, or eux:t

308UB 7210 ! measure A2

JLSP g 3 (A2-A44)*1000xV1

' check for dewnhill moticn

1 A2>A8 THEN 3420 ELSE 3439

U uphill; lew 1/2 pt cbscured
PRINT USING 8520 ; F4,A2,A8 @ COPY

GOTO 4110

' downhill-reset check wval

AB=A2

IF A2{=A4 THEN 3480 ELSE 3550

" end loap

' begin loop: bhracket 1/2 peint

IF F&<F7 THEN F&=F4+! @ GOSUB 499¢ ELSE 4090

A8=A2 ' save last czample
GOSUB 7210 ! new sample a2
DISP "g!"; (A2-A8)#1000#V!
IF 42-=n4 THEN I750 ELSE I69¢
' end loop.bracketed -interpclate
Fl=F&4~-{A2-A4)/{AZ-AB)
PRINT USING 3530 ; F!
end search for Fl
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3790 ! begin: search for hi 1/2 power pt F2
3800 F&=IP(F7)

3810 AB=A7 ! check value

3B20 ! begin: lecop for §4>¢2

3830 Fh=F&+F9

3840 IF F4<FS THEN GOSUB 6990 ELSE 4090
3850 GOSUB 7310 ! measure A2

3840 DISP "g "; (A2-A4)#1000+V{

I870 ! check dewnhill motien

3880 IF AR2>A8 THEN 3890 ELSE 3920

3890 ! uphill-hi 1/2 obscured

3900 PRINT USING 8320 ; F&,A2,A8 @ COPY
3910 GOTO 4110

3920 ! downhill-reset check val

3970 AB=A2

3940 IF A2{=A4 THEN 3950 ELSE 3820

3930 ! end loop

3940 ! hegin loop. bracket 1/2 point
2970 IF F&6XF7 THEN Fé=F4-1 @ GQSUB 6990 ELSE 4099
3280 AB=A2 ! save last sample

2990 GGSUB 7310 ! new sample al

4000 DIGP "q!"; (A2-A4)#1000#V1

4010 IF A2>=QA4 THEN 4020 ELSE 3940

4020 ! end loop.brucketed-interpolate
4020 F2=Fb+(A2-A4)/(A2-AB)

4040 PRINT USING 3340 ; F2

4050 Q7=F7/(F2~F1) ! quality facter
4040 S4={ ! fast refresh

4070 PRINT USING 8350 ; @7

4980 S4=1 ! $ast refresh

4090 RETURN

3107 ! beqginierror processing

4110 PRINT USING 8540 ; Fb

4120 CAPY

4170 G070 4080

339 U egnd:@ measurement {-'CCLd (LR EEEEEL L E TR
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» IF 57 THEN PRINT USING

! begin: wavelength measurement precedurez=s==szss==srzz==z==

CLEAR @ DISP "min/max positioner"

IF S5 THEN Vé6=V3 ELSE V4=V4 ! select T or P drive
Fb=F7 @ T7=T8 @ GOSUB 4990 ! xmtr on,long delay
GOSUB 7310 ! warmup read

IF 53 THEN §9=2 @ GOSUB 5770 !
DISP "position=";10

DISP "stepsize";@ INPUT 19
PRINT USING 8720 ; TIME, 20,29

' begintinitialize sample array
FOR I2=1 70 7

GOSUB 7310 ! read amplitude A2
14=70 @ GDSUB 7610 ! move down z9 mm
I(I2)=74 8 A(I2)=A2

NEXT 12
' end:
§7=0

' begin: search loop

14=72(4) ! array center

' parabelic fit

UZ2=(S* (AT +ACL1Y ) =T+ (A(S)+AR(Z) ) -4xAid)) /B4
Ul={3#(A(T)-A{1))+24(A(45)-A(2))+(A(3)-A(3):) /28

-
-

plot start, a vs

initialize array

N UC=(THA{A)+6* (A(SIFALT) ) +I (AL +A(2} ) -2 (AT} AL

U9=29 @ X0=14 @ A7=U0-Ul#Ui/(42U2)
22=74-784U1/(2#U2) ' predicted cptimunm

DIGP USING 84560 ; 14,12,41,U2

IF S7 OR ABS(I2-74){RS*I9 THEN 4420 ELSE 4440
' hit- document

IF S7 THEN 4530 ' end search

§7=1{ ! set search end

17=12 ' save peak estimate

' continue search

' push docwn sample array

FOR 10=1 7O &
I =2(10+1)
NEXT 10

GOSUB 7310 ' read a2(z()
2(7)=10 @ A(7)=A2

@ ACIOY=A(T0+)

739 5 I2,1000%ATeV UL, U2
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45460
4370
4530
4590
4500
4410
4520
45630
4540
44630
LY-Y-1)
44670
45680
4690
4700
47190
4720
2770
1749
a7T0
4760
4779
1739
4730
42440
agin
4329
4230
IR0
4830
I7-2
1279
459
GE9C
a0
a91n
49245
T8I0

1939

! print final estimate
PRINT USING B730 ; 12,1000xA7*V1,U1,U2
12=2(72+23)/2 ! average
PRINT "average=";Z2;"mm"
IF 53 THEN BOSUB 3830 ! show plot
' begin data review
IF S6 THEN 4430 ELSE 4640
IF S5 THEN VI=V4 ELSE V4=V ! store ADC results
DISP CHR$(11);"/4 count=";N9+2:@ INPUT W%
IF LEN{W$) 0 THEN 4640 ELSE N9=N9+2 @ GOTO 46480
WO=VAL (W$)
I[F WO>3 THEN N9=WQ ELSE 4910
' hegintaccapt measurement
[9=19+1
Wi,L9=12/1000 ! ameters
! begin: sums
CL=0L+N? ' ~x
CI=C2+NQ#NT | ~u"2
C3=C2+L9 ! ~y
CA=C4+N9+LT ! ~uy
CECS+LR¢L? ! ~yn2
Co=19+#C2-Ci*Li ! del Ffactor
' and: sums
' begin:compute sound spd
IF C4:0 THEN 4Bt0 ELSE 4879
" twec peints c¢cr more
Wi=(17¢C4-CL#32)/C06 ! slape
WO=(CZ+CI-T1+C4 /08 ' intorcapt
C7=4+1¢F7
IF 19:2 THEN 4840 ELSE 48770
C2=4%S0R((CS+IT#N0eW I WL« a0 -2 #ZT -80S 2ullely 2
#i9,C6)F7
' documant
PRINT USING 3077 5 I92,27,08,1009e0!
COTO 4335
end ! accept measuraent
' tegin: discard meoasuremt
PRINT "amt discarded®
S4-1 @ RETURNM

' 2ad: wavalength measurament proceduragssmEnTomwE oo ar oo
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4950 ! begin: 3-pt peak veltage measurement preoceduress=-r====
49460 IF S35 THEN V4=V3 ELSE Vb=V4 ! select T or P drive
4970 F4&=F7 @ T7=T8B @ GOSUB 4990 ' xamtr on ,long delay
4980 GOSUB 7310 ! warmup read
4990 ! begin:five-point mmt of peak amplitude v2
3000 S0=S4 @ S6=0 ! ADC off
S010 F4=F7-2 @ GOSUB 4990 ' set xmtr Fn-2
5020 GOSUB 7310 ! read v2{Fn-2);1ist tern
S030 Fé=Fé+1 @ GOSUB 46990 ! xmtr on Fn-1{
3040 vB=-(3#V2/35) ! first tern
3050 GOSUB 7310 ! read at Fn-1
3060 Fb=Fb+1 @ GOSUB 6990 ! umtr on Fn
S070 VB=VB+12#V2/35 ! 2d ternm
S080 GOSUB 7310 ! read at Fn
3090 F&=Fb+! @ GQSUB 6990 ' xatr on Fn+!
S100 V3=V8+17¥V2/35 ! center ternm
S11D GOSUB 77210 ! read at Fn+l
5120 Fh=ra+1 @ GOSUB 4790 ! xmtr on Fn+2
S170 VB=YB+1Z#V2/IT ! 4th ternm
5140 305UB 7310 ! read at Fn+2
3130 VB=VB-I#V2/I3 ! result at 7
3160 56=59 ! restore ADC
172 RETURN
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! begin: calibrate hydrophone procedure

Wi=C7/F7 ! wavelength
Hi=FNH(PT#DS/WL) !
H2=FNH(PI*D&/UWL) !
PRINT USING 8700 ; A% ,FNL(H1) ,FNL(HZD)
' begintpreamp calibration

CLEAR @ DISP "calibration®

18=4 @ GOSUB 8120 ! switch

DISP "preamp calibrate" @ WAIT TB8#3

FoaF7 @ Vb=V3#GB/532 @ T7=T8 @ GOSUB 6990

GOSUB 73!0 !
G2=G7#A2
PRINT USING 8740 ; FNL(B2),1000+V1
' end: preamp calibration

' T>H measurements

read LIA cut

[8=3 @ GOSUB 8120 ! switch
DISP “TIH" @ INPUT W#

GOSUB 4950 ! S-pt mmt of vB
E3=VB#H2/G2 ' Eth
JI=V1«2*FI+F7+YZJ ! amperes

PRINT USING 8730 ;
' and TIH

' hegin PIH

I8=-2 8 GOSUB 8120
DISP "PXH" @ INPUT N§

' P drive adjust

Fe=F7 8 V4204 @ T727T8 @

V1,1000%33,1000000

GOSUB 6990

GOSUB 73210 ! warmup reading
" bagin: adjust loop
GOSUB 4990 ! uxmtr on

G0SJB 7310 @ E2=V2*HZ/G2 ' read v2,

*E3

sSSSxsssononERereEaOnIEmT

length average cerrn for T
length average corrn for H

xmtr

amtr o on

sereact

DISF USING 8710 ; 1000#VE,1C00#V2/G2,10000L3%E7
IF ABS{E2-EJYPRI*CT THEN VA&=FNRIVAEZ/ED) & 3070
'"and adijust loop

Vi =y

FRINT "P draiveas"iVa; y

"'end ¢ F drive adjust

505U% 4950 ' v8 mat

E2=VEB¥HZ/G2 ' Eph

PRINT " Eph="; 100000082 gV

' end FIH
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5620
3610
5620
3630
5640
§5650
3660
5670
3480
3690
3700
5710
3720
5730
3740
3730

! begin P}T

DISP "P}T" @ I8=-1 @ GOSUB 8120 ! switch
GOSUB 4950 ! vB mmt

E1=VB*H1/G2 ! Ept

PRINT " Ept =";1000000%EL;"uv"

' end P}T mmts

' begin sensitivity calc

J7=P1#D3*F7/ (KO*xC7xC7%87)

PRINT USING 8760 ; F7,C7,Q7

PRINT USING 8770 § D3,K0,J7
Mi=SQR(J7#EL1*EJI/ (E2%J3))
M2=80R(J7%E2#E3/ (E1*J3))

PRINT USING B7B0 ; FNM(M1),FNM(M2)

' end sensitivity conp

S4=1 @ RETURN

' and:calibrate phoneg==s=z2zesm====z=s2z=s3z=zzdzanzzzars
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! zzzz=z===sP QT PROCS====a==

' begin: plot initialize proceduresas=z=zzsszzsszzsazazz=as

DISF "load plotter";@ INPUT W$ ' dummy input
IF LEN(WS$)>0 THEN 83=0 @ RETURN ! abort plot
PEN | @ FRAME @ PENUP

RETURN
! end:
! begin: show
! begin: scaling

B1,B4=99999 @ B2,B3=-B1

FOR I0=1 7O 13

WO=X(I0) @ Wi=Y(I0)

IF WO>B2 THEN B2=W0

IF WO<B! THEN E1=WO

IF Wi»BS THEN BS=N1

IF W1<B4 THEN B4=W!

NEXT IO

DISP "data range x:";B1;B2
pISP y:1";B4;BS

' X axis scale

BZ=3 ! u-interval

WO=3#B3 ! major divigions
B8=(CEIL(B2/WO)~IP(BL1/WO0)}+S
IF BB>50 THEN 5010 ELSE 4000
IF BBZ20 THEN 6080 ELSE 6160
' too many divisions

KI=1
B3=B3#4B(K3)
WO=5+B7
BE=(CEIL(B2/WN)-TP(BL1/WO) ) #5
I7 BOX50 THEN 6070 ELSE 6140
' end tov many divisions

' begin too few divisions
K3=2

B3=B3/BIK3) @ KI=FNE (KD

IF BZ:0 THEN 4120 ELSE 6200
DELE S
BB=(CEIL(B2/WO)=IPIBL/NOY 5
IF B3720 THEN 4100 ELSE 6140
' 2nd too tow divisiang

' and if
F1=IP(BL1/ND) ¢4 !
BI=B1+B7#B8 ! hi
8070 5250

! method failed-set default
J=(B2~B1) /10

B2=10

@ K3I=FNK(KJ)

low « bdry
x bdry

% scaling
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6230
4240
4230
5240
6270
4280
6290
6200
4310
4§32

£330
6740
6250
43490
6370
4380
6290
5400
6410
6320
470
4440
6430
4450
&470
64890
5490
L300
310
5520
4370
6540
D]
8540
370
6339
53990
5601
LE10
523
4630
5540
430
bhan
6870
b4B0
6690
£700

DISP "default x-scaling"

! end default scaling

! and x scaling

' begin y scaling

B&=,002 ! mV

W2=5+B4
B9=(CEIL(B5/W2)~IP(B4/W2)) 45
[F B9>40 THEN 6320 ELSE 6310
I[F B9<10 THEN 4380 ELSE 64530
! begin toe many divisions
K3=3 .
B6=B464B(K3) @ W2=3#B& @ K3I=FNK(K3J)
B9=(CEIL(BS/W2)~IP(B4/W2))*5
IF B9>40 THEN 6340 ELSE 4450
! end toc many divisions

' begin too few divisions
KI=1

B6=B5/B(K3) @ W2=5%Bb @ KI=FNK(KI)
[F B&>0 THEN 4420 ELSE 6490
B7=(CEIL (BS/N2)~IP(B4/W2))+3
[F B9<10 THEN 4400 ELSE 6430
! end too few divisions
'end if

BA=1P(BA/W2) ¥W2

B5=B4+B6*B9 ! hi y bdry

GOTO 6549

' mathod fail-set default y-scaling
B&=(B3-E4)/10

B8=1)

DISP “default y-scaling"

' end default y scaling

' aad y-scaling

SCALLE B!1,B2,B4,BS

' end scaling

' plot peints

pyTPUT 705 ;"SMe;"

KI=1I-7

IF K371 THEN ¥3=0 @ GOTO 6440
FDR I0=! 70 K3

PLAT X{10),Y (10,0

NEXT IO

DUTPUT 703 ;"SMe;n

KI=kT+1

FOR I0=K3 70 I3

PLOT X(I0),Y(IO),0

NEXT 10

CQUTPUT 70% ;"8sM;"

2811 4 @ FXD 1,3
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N . 6710 LAXES B3,Bs4,B1,B4,5,5 ).{
: 6720 N4=N4+! @ H$=A%(33,371 @ PRINT "plot ";H$;"#";N4 n
g 6720 SETGU !
N 6740 MOVE 0,62 @ LDIR 90 @ LORG & !
A 6750 LABEL USING "K" ; “amplitude(mV rms)" o
: 6740 LDIR 0 @ LORG 4 @ MOVE 72,12 '5
| 6770 IF 59=2 THEN W#="depth(mm)" ELSE W#¥="frequency(Hz)" ]
b, 4780 LABEL USING "K" ; W$ :
[ 6790 MOVE 72,5 @ CSIZE § i
¥ 6800 IF §9=2 THEN LABEL USING 8470 ; F&,5%,H$ N4 ELSE LABEL USING 7
B680 ; 10,S%,H$,N4 o
4810 SETUU @ PENUP 2
_ . 4820 ! end: peint plot b,
3 5830 ! begin: curve fit plot
- 4840 B3=(B2-B1)/100 )
‘s 6850 FOR Wi=B1 TO B2 STEP B3
~ 840 W2=Wl~XD 3
L ‘ 870 W3=1000#V1*(UG+UL#W2/UT+U2% (W2#W2) / (U9+U9))
¢ 58B0 IF WI»B4 AND W3I<BS THEN PLOT W!{,W3 1!
S 6390 NEXT Wt '
6900 FENUP X
4910 MOVE 0,0 @ PEN 0 e
) 6920 ! end: curve fit plot ~3
(- 4930 ! begin: clear plot ']
. 6940 13=0 @ §9=0 1
- © 4930 ! ead: clear plot >
- £9460 RETURN {‘
_: . ) 6970 ! End: plot procedure====================.-.-=:===::=:= ;f:
- 2
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4980 ! ====x==MEASUREMENT PROCEDURES=====zzzazszss=sazzsx=zz=zxs
6990 ! begin: amplitude read setup procedure=smss=azssszz=2==z32
7000 ! input:54,F6,V6 out: timer #1 set for read enable, read en
able sl1 off

7010 IF S6 THEN 7020 ELSE 7250

7020 ! begin: ADC bleck

7030 ' automatic drive adjust

7040 OUTPUT 707 USING 8800 ; V&,F6 ! HPI3I14 drive on

7050 S1=0 @ ON TIMER# 1,T7+15%T5 GOSUB 7550 ! read disahle

70460 ! begin: loop to adjust V& until LIA output is in limits
7070 WAIT 2#73

7080 ENTER 709 ; A5 ' read LIA magnitude-ignore read disable
7090 IF AS»,B THEN 7100 ELSE 7130

7100 ' LIA out too high : «
7110 IF AS»1.12 THEN V&=FNR(V4*,5) ELSE V6=FNR(Ves+.7)

7120 6OTO 7170

7130 IF AS<.1 THEN 7150 ELSE 7290 ! haere’'s the loop exit peoint!
7140 ! LIA out toc low

7150 VE=MIN(LIQ,FNR(VE*15))

7160 BOTO 7170

7170 ' reset HP3314 and retest

7180 QUTPUT 707 USING BB1O ; Vé

7190 OFF TIMER# 1 @ 81=0

7200 ON TIMER#® (,TB+(IS-2)%T5 GOSUB 73890

7210 PRINT S#$[1,:3;" drive";Vé;" V"

7220 ! heold for read enable

7230 IF S1 THEN 7040 ELSE 7220 )
7240 ! end: ADRC block

7280 ! begint no ADC block

7260 QUTPUT 707 USING 8BOG ; Vé,Fé

7270 S1=0 @ ON TIMER# {,7T7+19#75 GOSUB 7330 ' read disablo2

7280 ! endino ADC bleck

7260 T7=0 @ RETURN

7300 ' 2nd: amplitude read setup procadure ===s=zsarsuniiiszraias
N
. -l"-. 7 2
o
<




7310 ! begintamplitude read proceduress=s=sz==m==ss=ss=zz=z==z=z===

7320 ' in:81,V0 out: v2,al

7370 ! hold for read enable

7340 [F 81 THEN 7350 ELSE 7330

7350 ! read enable

7360 TRIGGER 723 ! measure xmtr voltage

7370 ENTER 709 ; AS ! LIA magnitude output

7380 V2=A5#V5 ! volts receiver output

7390 ENTER 723 § VI ! umtr veltage

7400 A2=V2/V1 )

7410 ! check for LIA overload

7420 IF AS>1 THEN 7430 ELSE 7450

7430 ! alarm -overload

7440 PRINT "LIA QVERLOAD" @ PRINT F63;AS;V1 @ BEEP 55,2000

7450 ! and: overload test

7450 DISP USING 8580 ; F&,I0,1000+V1,1000%V2

7470 IF S3 AND S9 AND 1Z<50 THEN 7480 ELSE 7530

7480 ! graphics storage

7490 [I=12+1

7800 IF 5922 THEN X(I3)=10 ELSE X(I3)=F3

7S10 Y(IZ)=1000#V2 ! aV

7520 ! end graphics storage

7330 RETURN
’ 7540 ! end

7960 ' czallad by timert#i-resats read enablo flag si
7570 QFF TIMER# |

7280 31=1

7570 RETURN

7600 ' end: read snable p.‘"OCEd'_H'E'-'-'—"-"-'-'—"—""—'=====”======‘=="=-13::""—‘
S
.‘.--.‘l
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7410
7620
7630
7649
74650
o" @
768460
7670
7680
7690
7700
7710
7720
7730
7740
7750
7760
7779
7789
779¢Q
7800
7810
78292
78290
7344
7350
78689
78740
7380
7899
7900
7910
7920
753
7249
7350
TL0
7279
7984
7929
2200
3012
BCZO
8034
gean
83359
8080

TR AR AR =ﬁ*&1

! begin: move manipulater down 19 mm==zss=sss=sszsxzzszas=zs ’
' input: 29

ENTER 720 ; NO ! counter ref

IF ABS(I9)<.5 THEN 7480

IF 79>0 THEN QUTPUT 709 $“CLS1" @ N3={ ELSE QUTPUT 749 ;"CLS

N3=-1 @ Z9=-(I9/R8)

ON TIMER® 2,IP(19/R2-T2) GOSUB 7700 ' set stop time

§1,82=0 ! read off,inmotien

RETURN
! gnd: move manipul‘ator pf'OCEdI.If'2==’=====’=========‘-‘-‘-’==’===‘~"
! begin: manipulator‘ ‘Jtop procedure=a=a=========.—.===:.-.===-.-.~..::

! input z0,:9,n0,n3

' output revised 20,step 28

IF N3») THEN QUTPUT 709 ;"0PN1" ELSE QUTPUT 749 "OPNO®
OFF TIMER% 2

ENTER 720 ; NI

' loop until ctr steps

ENTER 720 3 N2

IF N2=Ni THEN 7790 ELSE Ni=N2 @ GOTD 7740

' moticn step

I18=N3#(NL{~-NQ) /RO

10=20+18
DISP USING 8790 ; 10,18 .
§2=0 ! flag motion step s

' auto driva control

IF 56 THEN 7840 ELSE 7930

' begin:adjust drive

ENTER 709 ; AS

[F AS>,93 THEN 7890 ELSE 7950

' LIA out teco high

15 AS»1.12 THEN V6=FNR(V46%,5) ELSE VA=FNR (V4. 7!
CUTRUT 707 USING BB1D ; V¢

PRINT "drive:";Vé;"y"

WAIT 1575+78

G0TO 7870

ON TIMERS® 1,T7+15#75 GOSUD 7330 ' set delay tu read zasble
T7=0

RETURN
! gnd;manipulgtor stgp grocedurassTnersssesaanERTu T anYey
" begin: manipulater relccate preocedurgsssvsass==syss.casss
CLEAR

IF 205=) THEN DISP "gos.tion";@ INFUT 20

DISP “amcve tcg";@ INFUT 24

169=73-10 ' am

GASUB 74610 ! meve 29 mm

S4={ @ RETURN

' end: manipulator relocate procedure=zs=zs==ss=zazssssznzaxs
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;V: B070 ! begin: title string justifier=s=ss=ss=ssmsssszsss=s====-==
- 8080 I0=LEN(AS$)
NI 8090 IF I0 MOD 32»0 THEN A$=A$L" " @ GOTD B0BY
Y, 8100 RETUPN X
‘.- Bii0 ! eng title justi-fier==-=-===============s====1======.==:-.=-:.—. g
) 8120 ' ADC/xmtr toggle routiness=ss=zzss=szcassessrssssonsnenras
- 8130 IF 18=0 THEN 8140 ELSE 8170 y
. B140 ! operator call ,
o 8150 S4=1 ! fast rafresh menu
o 81460 CLEAR @ DISP "{=P}T Z=P}H I=T)H 4=cal";@ INPUT I8
2 8170 ! process command
. B180 IF 18>0 THEN Sé=1{ ELSE S6=0 & [8=-18 ! 18>0 turns ADC on
o B190 [8=I8 MOD §
- ) 8200 IF 18=0 THEN 8420 : h
o 8210 QUTPUT 707 ;"APOVO" f
% B220 ON 18 GOTO 8230,8280,8330,8380 K
"> 2I0 U ORIT
P 3240 S5=0 @ S$="P}T"
g B82S0 CUTPUT 704 USING BB20 ; "BIAt"
4;5 8269 QUTPUT 714 USING 8820 ; “B24a2"
- 8270 GOTC 8420
-, 8280 ! PIH
- 290 53=0 @ S¥="FIH"
‘ 8300 QUTPRUT 704 USING B820 ; "B2AL"
- 9710 OUTPUT 714 USING 8820 ; "B2A2"
L 820 GOTO 8420
2 £330 ' TIH
N 8740 S5=1 @ S3="TIH"
- 2350 QUTPUT 704 USINE 8820 ; "BIA2" !
) 8360 QUTPUT 714 LUSING 8820 3 'B3IA3"
e §I70 GOTO 8420
A 8282 ! nareamp calibratien
- £390 SS=0 @ S#="Flcal"
- 340) QUTPUT 706 USING 8820 ; "B3AL"

. 2410 QUTFUT 714 USING 8B20 ; "BIAL"

8320 PRINT UBING */iv/v y O

847G IG=0 @ RETURN

94430 ' and: zamtr/adec foggln Fogting isssssressesEe syt T nnnG

by
v
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:: B450 ! Images for formatted putput==saszsza=sss=rm=z==szsozzsmmsns :
oo 8440 IMAGE /////K -
j 8470 IMAGE //"time:",6D/"center freq measurement"/"estimate:",SD/ 5
» "range:", ’D/“stepsx:e:",3D/ o

8480 IMAGE #,"»",4D,2X,5.4DE
- B4%90 IMAGE #,SD.ZD 5

i 8500 IMAGE /"peak:",5D.2D,"Hz"/5X3D.5D,"mV"/3X8.3DE, " "mViHZ 2"/ "« 0
o tret K, ny -
g B510 IMAGE /"rescnance center frequency"/3D.2D,"+/-",2D.3D, -
% 83520 IMAGE /"1/2 pcwer pt obscured"/4D,2(XK) -
8530 IMAGE "low 1/2:",3D.D :
. 854C IMAGE "Righ 1/2:",5D.D |-
‘= 3550 IMAGE "resonance quality factor:",2D.2D n
e 8560 IMAGE /"search limit exceedad",SD .
}ﬁ 8570 IMAGE /"time:",6D/"? measurement”/“center freq:",30.207 deptl }
(. h",4D.D/ X / *J
: 8580 IMAGE "o",4D,X4D.D,4D.2D,3D.5D 1
-~ 8590 IMAGE /K/"Fn=",K,"+/=",2D,2D0/"Cn=" ¥, "«/ ", 20,20/ "On=" /"y .
g Tra" K, "dB"/"M(H)=" K, "dB" N
34500 IMAGE /"O=raturn to main 1=LIA"/"22wnater Sedriver. 4
. d-comments S=constants” N
-x €417 IMAGE "lockin analyzer"/"input ", X2D.4D,"aVv"/"expand" 72/ "!
vag "L XSD, Mk, 2D, "+ XS0, st
£ 620 IMASE “"depth(mm) ¢ K/ "volume(m~3):",D.46D ‘
r' TETO OIMAGE ¥/°T length=",K,"mm"/"capacitance=",k,"pF" /"4 lergti- A
P ANEE ¥ ‘ c
- 533%) IMAGE "watar temperature“/20.D," 2 R
.. THT0OIMAGE "g-titla Tzplot en/eff"/"Brpositicn - ]
Jer spacs” ’
Y 3850 IMAGE yAD. 20, 2K/ 1, 210X8, 3DE) "
- 847 IMAGE “5,'#- ',‘,,<,y 'ﬂ",:D
. 3530 IMASI 3D.D, an U K, 8¢, K, "H#", 2D E
42 9im0 IMAGE /2D," pt:"/"spdf",4“ 20, "+ 20, 20, e s e e .
- 2T IMAGE X/U"T corrns! S“D.ZD,“jB‘/“H corrn:",820, 20, 48"/ .
ET1C IMAGE ";:4".:5..D,: (X.4DE! '
. 372¢ IMAGE /"taima2:",4D," max/min locator™/"start:",4D.D," stap:’, x
b L./ }
': 2739 IMAGE "aia/ma:” 40D, " an"/3XTIDLSD, AVt el oper ", S0A0E L X
b ¢ ,8.3DE/ )
2% 8743 IMABE "preamp gain:",3D.2D,"dS @ ",¥, v’ ‘
e 8750 IMAGE " Vh=", 4, "V'/" b=,k "mA"/" Eth=" K, uY"
e 8740 IMAGE //"$regq:",5D.2D/"s und spd:",4D,2D/"0:",7D. 30 .
AR 770 IMAGE “vclume:",K/ density:",40.20/"dn: ", K/ Q
N 8780 IMAGE "T:" ,40.20,"dB re (V/uPa®/"H:" 4D.20,"dB ra v/ uPa’// \
g 8790 IMAGE "stop:",4D.2D,SD.4D c
N 8800 IMAGE "AF",2D.5D,"V0 FR", 4D,"HI" G
L“ gGeie IMAGE "AF",20.30,"Vv0"
- 76 L
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8820 IMAGE #,4A
8830 ! end: images=====z===z=s==
8840 ! begin: end progranm roytine=s=sxs==sssasssmnsuSrmsansnsSaan
. 8850 QUTPUT 709 ;"RS"

8860 QUTPUT 707 ;"APOVO"

8870 END
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